Sexual behavior in teleost fish is highly plastic. It can be attributed to the relatively few sex differences found in adult brain transcriptomes. Environmental and hormonal factors can influence sex-specific behavior. Androgen treatment stimulates behavioral masculinization. Sex dimorphic gene expression in developing teleost brains and the molecular basis for androgen-induced behavioral masculinization are poorly understood. In this study, juvenile zebrafish (Danio rerio) were treated with 100 ng/L of 17 alpha-methyltestosterone (MT) during sexual development from 20 days post fertilization to 40 days and 60 days post fertilization. We compared brain gene expression patterns in MT-treated zebrafish with control males and females using RNA-Seq to shed light on the dynamic changes in brain gene expression during sexual development and how androgens affect brain gene expression leading to behavior masculinization. We found modest differences in gene expression between juvenile male and female zebrafish brains. Brain aromatase (cyp19a1b), prostaglandin 3a synthase (ptges3a), and prostaglandin reductase 1 (ptgr1) were among the genes with sexually dimorphic expression patterns. MT treatment significantly altered gene expression relative to both male and female brains. Fewer differences were found among MT-treated brains and male brains compared to female brains, particularly at 60 dpf. MT treatment upregulated the expression of hydroxysteroid 11-beta dehydrogenase 2 (hsd11b2), deiodinase, iodothyronine, type II (dio2), and gonadotrophin releasing hormones (GnRH) 2 and 3 (gnrh2 and gnrh3) suggesting local synthesis of 11-ketotestosterone, triiodothyronine, and GnRHs in zebrafish brains which are influenced by androgens. Androgen, estrogen, prostaglandin, thyroid hormone, and GnRH signaling pathways likely interact to modulate teleost sexual behavior. 
Introduction
Males and females exhibit different reproductive behaviors encompassing courtship, aggression, nest building, and parental care [1] [2] [3] . Differentially sexualized brains and gonadal hormones mediate these sexually dimorphic behaviors [2, [4] [5] [6] . In mammals and birds, gonadal hormones and differential expression of sex chromosome genes are responsible for much of the sexual differentiation observed in the brain [7] [8] [9] [10] [11] . Epigenetic mechanisms are also involved [12] [13] [14] .
Gonadal hormones "organize" sexually dimorphic brain structures during early brain development and "activate" sexual behavior at puberty [15] . Androgens are particularly important for male brain sexual differentiation and sexual behavior [16] . Testosterone is required early in development for masculinization of rodent brains [17, 18] . Brain feminization occurs in the absence of testosterone [19, 20] . Testosterone has also been implicated for "activation" of several aspects of male-typical sexual behavior for mammals, reptiles, birds, and fish such as male courtship and singing behavior in songbirds [21] [22] [23] [24] [25] [26] . Testosterone-mediated brain masculinization and male sexual behavior can proceed directly via androgen receptor signaling or indirectly via aromatization [13, [27] [28] [29] .
In contrast to mammals and birds, sexual phenotypes in teleost fish are relatively plastic [30, 31] . Sequential hermaphroditic fish can change sexual phenotype at different life stages [32, 33] . Hormonal treatment and environmental factors can induce phenotypic and behavioral sex reversal [34] . In many teleosts, brain sexual plasticity extends throughout life history [30, [35] [36] [37] [38] . Behavioral sex reversal occurs rapidly in some species [39] [40] [41] . Loss of the dominant male can trigger female-to-male reversal of bluehead wrasse (Thalassoma bifasciatum) and cleaner wrasse (Labroides dimidiatus) sexual behavior within minutes to hours [39, 42, 43] . This sexual plasticity is often invoked to explain the relatively modest differences in gene expression patterns observed between male and female fish brains [44] [45] [46] [47] [48] [49] [50] [51] . What sex differences there are in the expression profiles of teleost brains may be mediated primarily by the influences of gonadal hormones [47, 52, 53] . Given the ease of environmental or hormonal induction of behavioral sex reversal [34, 54, 55] , teleosts are good models for elucidation of the molecular basis for sexual behavior.
Hormones and pheromones mediate sexual behavior in teleost fish [2, [56] [57] [58] . While prostaglandin F2α regulates sexual behavior in both sexes [58] [59] [60] , estrogens and androgens are required for female [58, 61] and male sexual behavior, respectively [62] . In most teleost species, 11-ketotestosterone is the most potent androgen for stimulation of male sexual behavior [62] . Treatment with aromatase inhibitors can trigger male sexual behavior [41] . Exposure to exogenous androgens can also readily elicit male sexual behavior and male-typical olfactory sensitivity to sex pheromones in female fish [35, 37, 63, 64] , while disruption of the androgen to estrogen balance can impair female and male reproductive behavior [65] [66] [67] [68] [69] [70] [71] . Genes operating downstream of androgen signaling likely control androgen-induced male-typical sexual behavior and olfactory responsiveness to sex pheromones; however, these genes and genetic networks are poorly understood.
Zebrafish (Danio rerio) is a popular model for study of the effects of endocrine-disrupting chemicals on gonad development and sexual phenotype [24, [30] [31] [32] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] . Prior attempts at unraveling sex differences in zebrafish gene expression have focused on sexually differentiated adults, exploring expression differences in the gonads [72] [73] [74] and brains [44, 46, 48, 75] among individuals and strains. These studies have approached this question with increasing sophistication and scale [76, 77] . However, information on the molecular mechanisms underpinning zebrafish brain sexual differentiation and regulation of sexual behavior, particularly during early sexual development, remains scarce.
Here, we treated juvenile zebrafish from 20 days post fertilization (dpf) to 40 and 60 dpf with 100 ng/L 17α-methyltestosterone (MT) and compared the brain transcriptomes of control males and females with MT-treated males using RNA sequencing (RNA-Seq). Using this approach, we identify (1) sex differences in gene expression patterns in developing zebrafish brains and (2) genes and pathways altered by MT treatment at two critical time points that correspond to the onset of juvenile ovary-to-testis transformation in males (40 dpf) and completion of testicular and ovarian differentiation (60 dpf). The comparison of brain transcriptomes at these two key time points during sexual differentiation provides new insight into dynamic changes in brain gene expression during zebrafish sexual development and enhances our understanding of the ontogeny of sex differences in the developing brain. More specifically, our work provides a new window into how androgens affect the gene expression in the brain, potentially identifying new genes and pathways involved in behavioral masculinization.
Materials and methods

Ethics
All animal husbandry and procedures were approved by the University of Otago Animal Ethics Committee (AEC No. 101/09). All experiments were performed in accordance to guidelines for the care and use of animals in research specified by the New Zealand Animal Welfare Act 1999.
Zebrafish husbandry
Zebrafish were maintained according to Westerfield [78] . Larval and juvenile transgenic zebrafish expressing an enhanced green fluorescent protein (EGFP) under the control of the vasa promoter, Tg(vas: egfp), derived from the domesticated Tuebingen/AB strains [79] were used. EGFP expression in Tg(vas: egfp) transgenic zebrafish facilitates gonad visualization and isolation before the gonads can be unequivocally distinguished from other tissues [80] . Ovaries exhibit higher fluorescence levels than testes [79, 81] , which can be used to distinguish the phenotypic sex of the fish.
The Tg(vas: egfp) zebrafish were maintained at 27
• C, pH 6.9-7.6
and conductivity 300-600 mS under a 14:10 light: dark photoperiodic cycle in a Tecniplast re-circulating system (Tecniplast, Buguggiate, Varese, Italy). Adult homozygous Tg(vasa::egfp) transgenic zebrafish were bred to produce homozygous Tg(vasa::egfp) transgenic offspring. Fertilized eggs were collected into petri dishes containing E3 medium at a density of 80-100 embryos per petri dish. Healthy embryos were selected and transferred into 4 L tanks containing 3.5 L of 0.5% salt dissolved in system water at a density of 100 embryos per tank. The embryos were fed rotifers exclusively at 27
• C in a static system until 10 dpf when the water flow was adjusted to a rate of 20-30 drops per minute and the embryos began to be fed thrice daily with ZM fry feed (Zebrafish Management Systems, United Kingdom) supplemented with live Artemia nauplii and rotifers.
17α-methyltestosterone treatment 17α-methyltestosterone was purchased from Sigma Aldrich and dissolved in 100% ethanol to prepare stock solutions of 50 mg/L. At 18 to 19 dpf, juvenile zebrafish were transferred from the 4 L tanks into petri dishes where they were size-sorted by visual inspection. Zebrafish that were unusually small (<5.5 mm) or large (>8.5 mm) were removed. The remaining juvenile zebrafish (between 5.5 and 8.5 mm in length) were transferred into 4 L tanks containing 3.5 L of system water at a density of 20 individuals per tank. For the MT treatment, a total of 360 juvenile zebrafish were exposed to system water containing either 100 ng/L of MT dissolved in 0.0001% ethanol (100 ng/L MT) or 0.0001% ethanol alone (solvent control). The treatment was performed continuously under a semi-static system for 20 or 40 days extending from 20 dpf to 40 or 60 dpf. The 360 fish were distributed into three biological replicates of 20 individuals per time point (40 and 60 dpf) per treatment group and sex (MT-treated male, solvent control male, and solvent control female). Water with equivalent concentrations of MT and ethanol was used to replace half of the water in each beaker every second day for the MT treatment and solvent control groups, respectively.
Determination of gonadal morphology and sex ratios
The genetic sex of juvenile zebrafish is unknown during initiation of MT treatment. At the termination of the treatment at 40 and 60 dpf, the juvenile zebrafish were sacrificed via snap chilling in ice water. We observed the EGFP expression of each zebrafish under a Leica M205 FA Fluorescence stereo microscope to determine the gonadal sex of each fish and sex ratios for each treatment group. Between 18 and 24 fish per treatment group (comprising 6 to 8 fish from each of the three replicates per time point) were selected and processed for histological analysis according to Lee et al. [77] to verify the gonadal sex (determined via EGFP expression) and to determine the gonadal developmental stage. MT-treated fish (regardless of sex) are compared to both control male fish and female fish.
RNA isolation
The juvenile zebrafish brains were dissected and placed into aliquots of RNAlater (Invitrogen), RLT lysis buffer from an RNeasy Mini kit (Qiagen) or RA1 lysis buffer from a Nucleospin RNA II kit (Macherey-Nagel) and stored at -80
• C for subsequent RNA isolation. The brains from 10 individuals per treatment group were pooled together for RNA extraction. Brains were homogenized by passing through a 20-gauge needle or using two cycles of the TissueLyser II system (Qiagen) set at 20 Hz for 1 min per cycle. RNA was isolated using an RNeasy Mini kit (Qiagen) or a Nucleospin RNA II kit (Macherey-Nagel) according to the manufacturer's instructions and eluted in 53 μl of RNase-free water. Three biological replicates of brain pools consisting of 10 individuals each were generated for each sex (male or female), time point (40 or 60 dpf), and treatment group (MT treatment or solvent control) (Figure 1 ). The RNA samples were quantified and integrity was assessed using the Agilent 2100 Bioanalyzer (Agilent Technologies). RNA samples with RNA integrity numbers (RIN) ≥ 7.0 (majority with RIN ≥ 8.0 to 9.0) were used for RNA-Seq.
RNA-sequencing
The Illumina TruSeq RNA sample preparation kit v2 (Illumina) was used with 1 μg of starting total RNA from the brain pools to generate 100 bp paired end (PE) cDNA libraries according to the manufacturer's instructions. Three biological replicates were generated for each treatment group. A total of 18 brain-tagged cDNA libraries were sequenced: 40CFB1-3 (40 dpf control female brain pools 1 to 3), 40CMB1-3 (40 dpf control male brain pools 1 to 3), 40MTB1-2 (40 dpf MT-treated male brain pools 1 and 2), 60CFB1-3 (60 dpf control female brain pools 1 to 3), 60CMB1-3 (60 dpf control male brain pools 1 to 3), and 60MTB1-3 (60 dpf MTtreated male brain pools 1 to 3), on a HiSeq 2000 sequencer (Illumina) at the New Zealand Genomics Limited Otago facility (Otago Genomics and Bioinformatics facility, University of Otago, New Zealand) Next-Generation Sequencing facility ( Table 1 ). The raw sequencing reads have been submitted to NCBI Sequence Read Archive (SRA; http://www.ncbi.nlm.nih.gov/sra) repository under accession number SRP112722.
Read annotation, mapping, assembly, and quantification
The quality of the raw reads was assessed using FastQC (https://www.bioinformatics.babraham.ac.uk/projects/fastqc/) and the sequencing QC report tool in CLC Genomics Workbench 6.0.2 software (Qiagen). We used CLC Genomics Workbench to remove low-quality reads (quality scores of <0.05) and trim TruSeq adapter sequences from the raw reads. Trimmed reads from each pool were mapped and aligned to the Zebrafish Zv9 reference sequence (ftp://ftp.ensembl.org/pub/current fasta/danio rerio/dna/) from the ENSEMBL database. Annotation of Zebrafish ZV9 reference genome was performed using annotations from its respective GTF file (ftp://ftp.ensembl.org/pub/current gtf/danio rerio/) using the CLC Genomics Workbench 6.0.2 "Annotate with GFF/GTF" plug-in. The abundance of transcripts was normalized using the reads per kilobase per million mapped reads (RPKM) method to correct for differences in transcript length and library size to enable comparisons across libraries. Transcripts with RPKM value greater than or equal to 1.0 (RPKM ≥ 1.0) were regarded as expressed. Transcripts with RPKM value greater than or equal to 5.0 (RPKM ≥ 5.0) were regarded as reliably expressed. The RNA-Seq read counts, percentage of reads mapped, and RPKM values are provided in Supplementary Tables S1 and S2.
Identification of differentially expressed genes
The proportions-based beta-binomial Baggerley test was used to identify differentially expressed genes in the zebrafish brain transcriptomes across different conditions (sex, time point, treatment group) [82] . The RPKM data were transformed by adding a constant (1.0) and then normalized using a quantile normalization. Genes responsive to MT were identified via pairwise comparisons of MTtreated brains with age-matched control female brains and male brains ( Table 2) . Genes were regarded as differentially expressed if they complied with (1) the normalized fold change threshold of greater than or equal to 1.2 for upregulated genes and smaller than or equal to minus 1.2 for downregulated genes (≥1.2-fold) and (2) a false discovery rate (FDR) adjusted P-value of ≤0.05 (P ≤ 0.05) [83] .
To investigate the overall gene expression patterns across the treatment conditions and phenotypic sexes, we performed hierarchical clustering using the Pearson correlation coefficient with a complete linkage algorithm and principal component analyses, as implemented and visualized in CLC Genomics Workbench. The sets of differentially expressed genes that overlapped or differed between treatments were visualized using Venn diagrams plotted using the Venny software (http://bioinfogp.cnb.csic.es/tools/venny/).
Gene Ontology enrichment analysis of differentially expressed genes
Gene Ontology (GO) functional annotation terms and categories were assigned to the differentially expressed genes with the "Add Annotations" tool of CLC Genomics Workbench. The GO terms, IDs, and annotations were downloaded from the Gene Ontology database in the 20 May 2013 release of the Zfin Zebrafish GO gene association file (http://www.geneontology.org/GO. downloads.annotations.shtml).
Functional enrichment and network pathway analysis
Biological functions and metabolic pathways significantly overrepresented among the differentially expressed genes were identified using Metacore (Thomson Reuters). It utilizes a Fisher exact test with an FDR correction for multiple testing. Differentially expressed genes were defined as genes where (1) the absolute value for normalized fold change was greater than or equal to 1.2 (fold change ≥1.2) and (2) the FDR adjusted P-value was less than 0.05 (P ≤ 0.05) [83] .
Validation via quantitative RT-PCR
Validation was conducted on a selection of six differentially expressed genes identified in the RNA-seq experiment using quantitative real-time PCR (qRT-PCR). Taqman gene expression assays for the genes of interest v-fos FBJ murine osteosarcoma viral oncogene homolog (fos), neuronal PAS domain protein 4a (npas4a), heat shock cognate 70-kd protein (hsp70l), retinol binding protein 4, like (rbp4l), deiodinase, iodothyronine, type II (dio2) and cytochrome P450, family 19, subfamily A, polypeptide 1b (cyp19a1b) were commercially designed and synthesized (Invitrogen) ( Table 3 ). All primers were designed to span across intron-exon boundaries to eliminate genomic DNA amplification. The amplification efficiency of each primer was assessed prior to qPCR on the brain RNA samples. Eukaryotic translation elongation factor 1 alpha 1, like 1 (eef1a1l1) was used as the reference gene since previous studies have shown that the expression levels of eef1a1l1 remained fairly constant across different developmental periods, treatment conditions, sexes, and tissue types in zebrafish [84, 85] . Furthermore, eef1a1l1 gave the highest average expression stability values with the geNorm algorithm [86] . Total RNA from the male and female brain samples was dissected and processed as for the RNA-Seq experiment. First-strand cDNA synthesis was performed using Superscript III Reverse transcriptase (Invitrogen) with random hexamer primers (Integrated DNA technologies).
TaqMan qPCR reactions were performed in triplicate. Taqman Gene Expression Assays specific to our genes of interest were commercially synthesized (Applied Biosystems). Three biological replicates consisting of individual brain RNA samples were analyzed per gene. The TaqMan Gene Expression Assay for each gene of interest (Applied Biosystems) was used in combination with the TaqMan Universal Master Mix II with UNG (Applied Biosystems) as recommended by the manufacturer. The PCR cycling conditions used were 50
• C for 2 min, 95
• C for 10 min followed by 40 The comparative CT method ( Ct) was used to determine relative expression for each gene normalized to the to the reference gene eef1a1l1. The female brain groups (40CFB and 60CFB) were used as the calibrator for calculation of relative expression. Relative expression was expressed as fold change (fold change = 2 − Ct ).
RNA-Seq (RPKM values) and qPCR fold change values were compared for direction (upregulation or downregulation) and expression levels.
Results
We identified modest sex differences among the brains of zebrafish undergoing the juvenile ovary-to-testis transformation (40 dpf). Only Downloaded from https://academic.oup.com/biolreprod/article-abstract/99/2/446/4767998 by OUP site access user on 04 October 2018 33 genes showed sexually dimorphic expression (≥1.2 fold change, P ≤ 0.05), of which 11 were more highly expressed in males and the remaining 22 were more highly expressed in females (Table 2 , Supplementary Spreadsheet S1). More sex differences in brain expression patterns were observed at 60 than 40 dpf, with 185 transcripts differentially expressed between male and female brains at 60 dpf (Table 2 , Supplementary Spreadsheet S1) when gonadal differentiation had been completed in most individuals [77] . More genes were more highly expressed in males (113) than females (72) ( Table 2) .
Brain sexual development in male and female zebrafish appears to involve different sets of genes and molecular pathways at distinct developmental stages. We failed to find any overlap in male-biased and female-biased genes across the time points assayed except for femalebiased Chromosome 1 open reading frame 63 (C13H1orf63) and CDC-like kinase 4a (clk4a) expression at both 40 and 60 dpf (Figure 2A, Supplementary Spreadsheet S1) . Interestingly, three genes identified as female-biased Early Growth Response 1 (egr1), Early Growth Response 4 (egr4), and npas4a) at 40 dpf showed malebiased expression at 60 dpf (Figure 2A , Supplementary Spreadsheet S1). Functional enrichment analyses also revealed enrichment of different pathways between male and female brain sexual development (Supplementary Tables S3 and S4) .
Male-biased genes at 40 dpf included genes encoding claudin b (cldnb), granulin 2 (grn2), ictacalcin (icn), ictacalcin 2 (icn2), and profilin 1 (pfn1) (Supplementary Spreadsheet 1) . Male brains at 40 dpf were significantly enriched in immune response, cytoskeleton remodeling, lipid metabolism regulation, and apoptosis pathways (Supplementary Table S3) .
Female-biased genes at 40 dpf included genes encoding cryptochrome 2a (cry2a), mitochondrial encoded NADH dehydrogenase proteins 1, 2 and 6 (mt-nd1, mt-nd2 and mt-nd6), v-fos FBJ murine osteosarcoma viral oncogene homolog (fos), neuronal PAS domain protein 4a (npas4a) and early growth response 1 (egr1) (Supplementary Spreadsheet S1). Development and immune response pathways were also overrepresented in 40 dpf female brains, but the specific genes (c-fos and egr1) differed from those described for males (pfn1) at the same stage (Supplementary Table S3 ).
At 60 dpf, genes with strongly male-biased expression in zebrafish brains included genes for gamma-aminobutyric acid (GABA) A receptor, alpha 1 (gabra1), brain aromatase cyp19a1b and genes involved in circadian rhythm regulation such as deiodinase, iodothyronine, type II (dio2), period circadian protein homolog 1 (per1b), and nuclear receptor subfamily 1, group D, member 1 (nr1d1) (Supplementary Spreadsheet S1). There was also an overabundance of genes involved in neuronal nicotine signaling and developmental pathways in 60 dpf male brains (Supplementary  Table S4) .
Interestingly, the genes most highly overexpressed in 60 dpf female brains compared to male brains were genes encoding zona pellucida glycoprotein 2, tandem duplicate 2 (zp2.2), zona pellucida glycoprotein 2, tandem duplicate 5 (zp2.5), and zona pellucida glycoprotein 3a, tandem duplicate 1 (zp3a.1) (Supplementary Spreadsheet S1). We observed female-biased expression of prostaglandin E2 synthase 3 (ptges3a), prostaglandin reductase 1 (ptgr1), ribosomal proteins, heat shock proteins, retinol-binding protein 4, like (rbp4l), and RNA binding motif protein, X-linked (rbmx) (Supplementary Spreadsheet S1). Female brains at 60 dpf showed significant enrichment of pathways associated with proteolysis and nucleotide metabolism (Supplementary Table S4) No significant sex-specific differences were detected in the expression patterns of key genes known to be involved in controlling fish reproduction (kiss1, kiss2, kiss1ra, kiss1rb, gnrh2, and gnrh3) in developing whole zebrafish brains sampled across gonadal differentiation (Supplementary Spreadsheet S1).
Effects of MT treatment on brain transcriptomes
MT treatment induced gonadal masculinization in all juvenile zebrafish (Supplementary Figure S1) . It significantly altered male and female brain transcriptomes ( Table 2 , Supplementary Spreadsheets S2 and S3). Fewer genes were differentially expressed between MTtreated brains and control brains of either sex at 60 than 40 dpf ( Table 2 , Supplementary Spreadsheets S2 and S3). Special attention was paid to the expression patterns of dio2, gnrh2, and grnh3 due to their reported male-biased expression in zebrafish brains [44, 48, 87, 88] and roles in sexual behavior [89] [90] [91] . Of the 1554 transcripts differentially expressed in MT-treated brains compared to control female brains at 40 dpf (Table 2) , 867 were upregulated and 687 were downregulated in MT-treated brains (Table 2 ). Gnrh2 and dio2 were among the genes upregulated in 40 dpf MT-treated brains relative to 40 dpf female brains (Supplementary Spreadsheet S2). MT treatment upregulated expression of nucleotide metabolism genes and downregulated expression of genes associated with neurophysiological processes, the Wnt, prostaglandin E2 (PGE2), and IL-3 signaling pathways compared with female brains (Supplementary Table S5) .
A total of 1379 transcripts comprising 984 upregulated and 395 downregulated genes were differentially expressed between MTtreated brains and control male brains at 40 dpf (Table 2) . MTtreated brains exhibited higher levels of expression of dio2 than did control male brains (Supplementary Spreadsheet S3). Expression of gnrh2 and gnrh3 was also upregulated in MT-treated brains relative to male brains. MT treatment upregulated pathways involved in G-protein signaling, development, and protein folding compared to male brains (Supplementary Table S6 ). Prominent pathways downregulated by MT treatment relative to male brains included cell adhesion, cytoskeleton remodeling, oxidative stress, transport and CFTR folding, and maturation pathways (Supplementary Table S6) .
MT treatment had a greater effect on gene expression in female brains than in male brains at 60 dpf. Of the 728 transcripts differentially expressed between MT-treated brains and control female brains, 381 were upregulated and 347 were downregulated in MTtreated brains ( Table 2) . As with males, dio2 expression was upregulated in MT-treated brains compared to control females (Supplementary Spreadsheet S2). At 60 dpf, genes showing significant upregulation in MT-treated brains were primarily involved in neurophysiological processes particularly relating to circadian rhythm, GnRH, and IL-3 signaling pathways compared to control female brains (Supplementary Table S7 ). MT treatment induced downregulation of cell cycle and metabolism pathways compared to female brains (Supplementary Table S7 ).
Considerably fewer genes were differentially expressed between MT-treated individuals and control males (269) at 60 dpf than control females (728). Of these transcripts, 179 were upregulated and 90 were downregulated in MT-treated brains compared to control male brains (Table 2 ). There was no significant difference in dio2 expression between MT-treated brains and control male brains at 60 dpf (Supplementary Spreadsheet S3). Unexpectedly, cyp19a1b expression was significantly higher in control male brains than MT-treated brains (Supplementary Spreadsheet S3). Significant overrepresentation of genes involved in melatonin signaling, circadian rhythm, and cell adhesion was observed in MT-treated brains relative to male brains (Supplementary Table S8 ). In contrast, genes downregulated due to MT treatment compared to control male brains were linked to cytoskeleton remodeling and neural stem cell lineage commitment (Supplementary Table S8) .
We observed that MT treatment altered the expression patterns of a subset of genes in a similar fashion regardless of sex. At 40 dpf, MT treatment caused downregulated gene expression of 565 transcripts and upregulated gene expression of 186 transcripts compared to control male and female brains ( Figure 2B ). Dio2 and gnrh2 expression was among the transcripts upregulated in MTtreated brains compared to control male and females (Supplementary Spreadsheets S2 and S3). MT significantly upregulated genes involved in many metabolic processes, oxidative phosphorylation, and cholesterol biosynthesis relative to 40 dpf control male and female brains (Supplementary Tables S5 and S6) .
At 60 dpf, MT treatment caused downregulated gene expression of 130 transcripts and upregulated gene expression of 48 transcripts compared to control male and female brains ( Figure 2C ). MT induced significant overrepresentation of genes involved in circadian rhythm and underrepresentation of genes involved in Nek cell cycle regulation and keratin filament cytoskeleton remodeling compared to 60 dpf control male and female brains (Supplementary Tables S7  and S8 ).
Quantitative PCR validation of RNA-Seq
To validate the RNA-Seq dataset, we performed quantitative PCR on a subset of six genes differentially expressed between male and female brains (fos, npas4a, hsp70l, rbp4l, dio2, and cyp19a1b) on individual brain samples (n = 3) (Figure 3, Supplementary  Figure S2 ). No significant signal was observed for the no template controls for any gene of interest or reference gene. We also compared dio2 expression between MT-treated and control male and female brains using individual brain samples (n = 3) (Figure 3 , Supplementary Figure S2 ).
Good agreement between the RNA-Seq data and qPCR results was observed for male-biased dio2 and female-biased rbp4l expression in 60 dpf pooled and individual brains in terms of the direction and magnitude of expression (Figure 3) . However, the direction of expression obtained from qPCR correlated less well with the RNASeq data for npas4a, fos, hsp70l, and cyp19a1b (Supplementary Figure S2) . We found considerable individual variation in expression patterns for these genes, with upregulation observed in some individuals while other individuals showed downregulation (Supplementary Figure S2 ). Given the strong differences in dynamic range between RNA-Seq and qPCR, and the relatively modest level of difference in expression between male and female zebrafish brains, we tend to favor the RNA-Seq expression patterns over those of the qPCR.
Discussion
In the present study, we compared gene expression patterns in juvenile zebrafish brains across sex and two developmental stages during gonad sexual differentiation. To our knowledge, this is the first study investigating sex dimorphic brain gene expression when gonads are becoming sexually differentiated in a gonochoristic fish species. We found relatively few differences between female and male brain transcriptomes throughout gonad differentiation. Our result supports Downloaded from https://academic.oup.com/biolreprod/article-abstract/99/2/446/4767998 by OUP site access user on 04 October 2018 Figure 3 . Validation of dio2 and rbp4l sex dimorphic expression patterns in 60 dpf zebrafish brains. Sex dimorphic expression profiles of dio2 (A) and rbp4l (B) identified in the RNA-Seq experiment were investigated on individual 60 dpf control female brains (60CFB), 60 dpf control male brains (60CMB) and 60 dpf MT-treated male brains (60MTB). The qPCR confirmed sex dimorphic expression of dio2 (male-biased) and rbp4l (female-biased) in 60 dpf brains. The qPCR experiment was conducted in triplicate on three individuals per group (A and B).
earlier findings which found modest sex differences in the gene expression patterns of brains from adult male and female zebrafish [44, 48, 74, 75] . It has been suggested that the lack of significant sex dimorphic gene expression in zebrafish brains could be a feature of, or enable, the sexual plasticity of zebrafish brains [48] . Having a sexually plastic brain enables zebrafish to change phenotypic sex in response to environmental factors.
Sexually dimorphic gene expression in zebrafish brains was markedly low at the onset of gonadal differentiation (40 dpf). The number of genes exhibiting sexually dimorphic gene expression in zebrafish brains subsequently rose dramatically from 33 to 185 as gonad development progressed. In mammals and birds, sex chromosomal genes and gonadal hormones control brain sexual differentiation [7, 8, 11, 92, 93] . Unlike mammals and birds, domesticated zebrafish strains lack detectable sex determining loci and sex chromosomes [94] . Environmental factors influence sex differentiation in domesticated zebrafish [95] [96] [97] [98] . As such, it is unlikely that the sex differences in gene expression we observed between male and female zebrafish brains are due to differences in sex chromosome complements. Cyp11c1 expression, which is required for androgen production, is high in differentiated zebrafish testes [99] . Cyp19a1a, ovarian aromatase, is expressed predominantly in vitellogenic follicular cells in zebrafish ovaries [100] . Therefore, we hypothesize that the increase in sex-biased genes identified in zebrafish brains during gonadal differentiation is largely the effect of gonadal hormones.
Gonadal hormones are believed to have an activational role in teleost brain sexual differentiation. MT is an aromatizable androgen commonly used for masculinization in aquaculture [101] that has also been used to induce male reproductive behavior in sexually mature female goldfish [37] and stickleback [102] .
Exposure to 100 ng/L MT caused significant alteration of brain gene expression patterns in both sexes. There was considerable overlap in the sets of genes differentially expressed in response to MT between male and female brains. We propose that this set of genes may serve as a good marker for the endocrine disrupting effects of aromatizable androgens on brain gene expression.
MT treatment significantly enriched GO pathways involved in oxidative phosphorylation and cholesterol biosynthesis compared to brains of both sexes at 40 dpf. Cholesterols are the precursors for production of androgens and estrogens; thus, their upregulation suggests possible links between locally synthesized steroid hormones and activation of sexual behavior in zebrafish.
Although MT treatment produced similar numbers of brain transcriptomic responses in male and female zebrafish at 40 dpf, it had less of an impact on male brain gene expression than female brains at 60 dpf. MT treatment of zebrafish is known to masculinize gonads, and accelerate testicular development and spermatogenesis [103] . Histological analyses of MT-treated zebrafish gonads showed that at 40 dpf, testes of control male zebrafish were at early stages of juvenile ovary-to-testis transformation while testes in MT-treated male zebrafish were mostly well differentiated [77] . In contrast, both control and MT-treated male zebrafish possessed mature testes at 60 dpf [77] . Given the presence of mature testes for both MT-treated male and control brains at 60 dpf, the relatively few differences between MT-treated male and control male brain transcriptomes are likely due to high androgens levels in 60 dpf MT-treated and control males.
Interestingly, none of the sex-biased genes identified in the present study overlapped with those previously identified in adult zebrafish brains except for cyp19a1b and dio2 [44, 48, 74, 75, 87, 88] . The differences observed could be attributed to the use of brains from different developmental stages between studies. Nonetheless, we found that a few key players in neuroendocrine control of reproduction exhibited either sexually dimorphic gene expression or were significantly differentially expressed with MT treatment. We highlight the expression patterns of several of these genes and suggest possible roles in the production of male and female sexual behavior in zebrafish. The expression patterns of these genes indicate that (1) production of estrogens, prostaglandins, gonadotrophins, and thyroid hormones are critical for brain sexualization in zebrafish; (2) neuroendocrine control of brain sexual differentiation is dynamic and complex; and (3) sex hormones modulate sex dimorphic gene expression in zebrafish brains.
Candidate genes for regulation of sexual behavior Cyp19a1b, brain aromatase Cyp19a1b is the brain variant of aromatase [100] . Aromatization of testosterone into estradiol in developing rodent brains is responsible for brain masculinization [104] . In adult fish, cyp19a1b is only expressed in radial glial cells, a type of neural stem cells [105] [106] [107] . Radial glial cells differentiate into astrocytes in most vertebrates during embryonic development. However, radial glial cells are retained in the brains of adult teleost fish. Sexual plasticity of teleost brains may be due to the pool of radial glial cells and high cyp19a1b expression in adult fish brains [30, 108] .
Interestingly, we found male-biased cyp19a1b expression at 60 dpf instead of female-biased expression [35, 48] or lack of sexbiased expression [109, 110] reported previously in adult zebrafish. Cyp19a1b expression had also been higher in control male brains than MT-treated male brains at 60 dpf. In adult zebrafish, cyp19a1b is expressed more highly in the olfactory bulbs, ventral telencephalon, and ventral/caudal hypothalamic zone of male brains than female brains [111] . High levels of aromatizable androgens, estrogens, and endocrine disrupting compounds can stimulate cyp19a1b expression via estrogen receptors [30, 109, 110, [112] [113] [114] [115] [116] [117] [118] [119] .
It is not clear whether and how cyp19a1b is involved in teleost brain sex differentiation. There is conflicting information regarding the direction of sex-biased cyp19a1b expression in teleosts. Cyp19a1b expression was found to be female-biased in medaka (Oryzias latipes) [120, 121] but male-biased in Atlantic halibut (Hippoglossus hippoglossus) [122] , pejerrey (Odontesthes bonariensis) [123, 124] , and rainbow trout (Oncorhynchus mykiss) [125] . In Astatotilapia burtoni, cyp19a1b brain aromatase regulates male aggression [126] . It may play a similar role in blennies (Salaria pavo and Tripterygion delaisi) [127, 128] . Aromatase inhibition in guppies (Poecilia reticulata) reduces male sexual behavior [129] . Cyp19a1b undoubtedly has roles for both female and male fish sexual behavior.
Female-biased cyp19a1b expression during early development between 150 and 200 days post hatch (dph), no sex dimorphic cyp19a1b expression between 250 and 300 dph, and strong malebiased cyp19a1b expression during adulthood have been reported across different studies conducted in European sea bass (Dicentrarchus labrax) brains [130] [131] [132] . A recent study in adult catfish (Heteropneustes fossilis) also found that the direction of sexually dimorphic cyp19a1b expression varied depending on seasonal changes [133] . Seasonal changes in cyp19a1b expression via seasonal variations in circulating sex hormone levels in male and female brains have also been demonstrated in plainfin midshipman (Porichthys notatus) [134] . Cyp19a1b expression also changes with reproductive status [135, 136] . Higher levels of cyp19a1b expression are associated with spawning Atlantic croaker (Micropogonias undulatus) males than males with immature gonads [136] . The differences in cyp19a1b expression reported are likely linked to the levels of gonadal hormones at that stage of development. Similarly, we suggest that cyp19a1b may have distinct roles in teleost brains at different life stages. Cyp19a1b may be involved in brain masculinization during early brain development just as for mammals. In adult zebrafish, cyp19a1b could play a more important role in neurogenesis, brain sexual plasticity, and regeneration [107] .
Hsd11b2
Hsd11b2 expression was elevated in 40 dpf MT-treated male brains in comparison with female brains. In teleost fish, hsd11b2 converts testosterone to 11-ketotestosterone [137] [138] [139] . It induces male sexual behavior in female bluehead wrasse (Thalassoma bifasciatum) [140] , crucian carp (Carassius carassius) [141] , goldfish (Carassius auratus) [64, 142] , and zebrafish [35] . Elevated 11-ketotestosterone levels are associated with increased territorial and male reproductive behaviors during social ascent in male Astatotilapia burtoni [143] . There are higher levels of 11-ketotestosterone in nesting males compared with transition and sneaker males [127, 144] . 11-Ketotestosterone treatment also inhibits female sexual behavior in peacock blenny (Salaria pavo) sneaker males [127, 144] . Male-biased hsd11b2 expression was found in bluehead wrasse terminal phase male brains [47] . We suggest that 11-ketotestosterone could be important for activation of male sexual behavior and inhibition of female sexual behavior in zebrafish.
Genes for prostaglandin synthesis and olfaction
We found elevated expression of ptges3a and ptgr1 in brains of female zebrafish compared to male brains at 60 dpf. Prostaglandin E synthase is responsible for production of PGE2, a precursor of prostaglandin F2α. Prostaglandin reductase 1 catalyzes the reduction of keto-prostaglandins. In the present study, MT treatment upregulated brain expression of ptges3b at 40 dpf compared to female brains. However, ptges3b expression was subsequently higher in female brains than MT brains at 60 dpf. During this stage in gonad development (60 dpf), most female zebrafish possess mature ovaries with vitellogenic follicles capable of active estrogen production [100] .
Estrogens can upregulate PGE2 synthase expression [145, 146] . In female goldfish, high 17β-estradiol levels in ovaries during vitellogenesis stimulate prostaglandin F2α production [56] . During ovulation, prostaglandin F2α is transported to the brain through the blood circulation where it stimulates the female oviposition act [147] . Prostaglandin F2α is important for female sexual behavior in cichlids [57, 148, 149] , goldfish [147, [150] [151] [152] , paradise fish (Macropodus opercularis) [153] , and peacock blenny [58] . The ptges3 and ptgr1 expression patterns observed in this study validate the importance of prostaglandins for activation of female reproductive behavior in zebrafish. Together with previous results in other teleost fish [57, 58, [147] [148] [149] [150] [151] [152] [153] , our results strongly suggest that prostaglandins are crucial for the activation of female spawning behavior and they can be produced locally in the brain.
A recent study demonstrated that prostaglandin F2α olfaction in male zebrafish stimulates male reproductive behavior [154] . C-fos elevation in brain regions important for pheromone detection is closely linked to performance of male reproductive behavior in mice, gerbils, and birds [155] [156] [157] [158] . Our results indicated that MT treatment stimulated significant upregulation of fos expression in 60 dpf brains. Androgens can induce male-type changes in olfactory sensitivity to pheromones via fos [159] [160] [161] . In several cyprinids, MT treatment increased olfactory responsiveness to prostaglandin in juvenile and female fish to levels similar to that of adult males [142, 162] . In mammals, the olfactory system detects and processes pheromonal information on sex and reproductive status of other individuals which control male sexual behavior [163] . These findings collectively implicate androgens in the regulation of olfactory responsiveness to prostaglandin F2α for stimulation of male sexual behavior in teleosts.
Genes for thyroid hormone synthesis
A finding of note was that despite considerable variation in genes identified as sex biased across various zebrafish brain transcriptomic Downloaded from https://academic.oup.com/biolreprod/article-abstract/99/2/446/4767998 by OUP site access user on 04 October 2018 studies, we observed male-biased expression of dio2 which corroborates with other authors [44, 46, 48, 75, 87, 88, 164] . Dio2, deiodinase type 2, is the enzyme which converts thyroxine (T4) to triiodothyronine (T3). Dio2 has been implicated in control of seasonal reproduction in birds [165] . Thyroid hormones can affect estrogeninduced female sexual behavior in mice, humans, birds, sheep, and rats [166, 167] . Hypothyroidism causes reproductive behavioral impairment in male rats [168] . In Nile tilapia (Oreochromis niloticus), thyroid hormones regulate kiss2 and gnrh1 expression [169] . Given the upregulation of dio2 expression in MT-treated brains compared to female brains, we hypothesize that dio2 may be directly or indirectly regulated by androgen in male zebrafish. Dio2 may be the key mediator between the hypothalamus-pituitary-thyroid and hypothalamus-pituitary-gonad axes. It is a suitable candidate as a key regulator of zebrafish male sexual behavior.
GnRH2 and GnRH3
Zebrafish produce two GnRHs-GnRH2 and GnRH3 [170] . gnrh3 is the hypophysiotropic GnRH in zebrafish [171, 172] . We did not observe sex dimorphic gnrh2 and gnrh3 expression in developing zebrafish brains. GnRH2 is involved in fish female reproductive behavior [173] . GnRH3 controls male reproductive behavior in tilapia [90] . The relationships between gnrh2 and gnrh3 and sexual behavior in teleost fish have not been fully elucidated. Overall, it has been reported that gnrh2 and gnrh3 expression is higher in females than males [174] . gnrh2 exhibits female-biased expression in adult female zebrafish [164] . Region-specific sex differences in gnrh2 and gnrh3 abundance have been reported for fathead minnow (Pimephales promelas) [174] . Gnrh3 was female-biased in medaka brains [175] .
Our study demonstrated that MT treatment induced upregulation of gnrh2 expression compared to both male and female zebrafish at 40 dpf. Furthermore, it also stimulated gnrh3 upregulated expression compared to 40 dpf male zebrafish. Testicular development is accelerated in MT-treated zebrafish particularly at 40 dpf [77] . Since 40 dpf MT-treated masculinized zebrafish possess mature testes, it is assumed that they are capable of androgen production and can exhibit male reproductive behavior typical of mature males. In contrast, gonadal hormone production is presumably low in 40 dpf control male and female zebrafish with gonads undergoing early sexual development. The MT-induced elevation of gnrh2 and gnrh3 gene expression we observed suggests that androgens can modulate gnrh2 and gnrh3 gene expression. It also suggests that gnrh2 and gnrh3 may be important for zebrafish sexual behavior. We hypothesize that androgens may modulate reproductive behavior via GnRH signaling. In tilapia, 11-KT and MT treatment of female brains induced male reproductive behavior and upregulated gnrh3 expression to levels in male brains [176] . Higher levels of gnrh2 and gnrh3 have been detected in breeding males than nonbreeding male sticklebacks (Gasterosteus aculeatus) [177] . Interestingly, a recent study demonstrated that genetic knockout of gnrh3 in zebrafish had no significant effect on reproductive behavior [178] . It is likely that both GnRHs work in concert to regulate sexual behavior in zebrafish.
Conclusion
We found modest differences in gene expression patterns between male and female zebrafish brains during gonadal development. MT treatment significantly altered brain transcriptomes across both sexes. Transcriptomic analyses of developing zebrafish brains revealed that key genes known to control sexual behavior were among the genes responsive to MT. As sexual differentiation in teleosts is a highly plastic, complex, and dynamic process, it is perhaps not surprising that so too is the gene expression pattern of the sexually developing zebrafish brain. Our results suggest that the modulation of fish sexual behavior likely involves interplay between androgen, estrogen, prostaglandin, thyroid hormone, and GnRH signaling pathways. Epigenetics may also play a role in modulating sex differences in sexual behavior [164, 179] .
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